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It is known that olfaction and vision can work in tandem to represent object identities. What is yet unclear is the stage of the sensory
processing hierarchy at which the two types of inputs converge. Here we study this issue through a well established visual phenomenon
termed binocular rivalry. We show that smelling an odor from one nostril significantly enhances the dominance time of the congruent
visual image in the contralateral visual field, relative to that in the ipsilateral visual field. Moreover, such lateralization-based enhance-
ment extends to category selective regions so that when two images of words and human body, respectively, are engaged in rivalry in the
central visual field, smelling natural human body odor from the right nostril increases the dominance time of the body image compared
with smelling it from the left nostril. Semantic congruency alone failed to produce this effect in a similar setting. These results, taking
advantage of the anatomical and functional lateralizations in the olfactory and visual systems, highlight the functional dissociation of the
two nostrils and provide strong evidence for an object-based early convergence of olfactory and visual inputs in sensory representations.
Introduction
Both olfaction and vision serve the function of object identifica-
tion. Visual cues are known to facilitate the detection of congru-
ent odorants, and such enhancement has been proposed to be
mediated by mnemonic processes based on their semantic asso-
ciations (Gottfried and Dolan, 2003). Likewise, olfaction modu-
lates visual object perception, even in the absence of conscious
visual awareness (Zhou et al., 2010). Yet it remains unclear at
which stages of the sensory processing hierarchy the two types of
inputs converge, despite recent advances in our understandings
of multisensory regions and multisensory integration (Beau-
champ, 2005; Macaluso and Driver, 2005; Stein and Stanford,
2008). At first glance, olfaction and vision are anatomically dis-
tant, with primary olfactory areas situated in the inferior frontal
and anterior temporal regions, and primary visual areas in the
occipital lobe. Primary olfactory projections are largely ipsilat-
eral, from the olfactory epithelium in one nostril to the olfactory
bulb and then the anterior olfactory nucleus, olfactory tubercle,
piriform, amygdala, and entorhinal cortex on the same side, with
only slight projection to the contralateral side by way of the an-
terior commissure (Powell et al., 1965; Price, 1973). By contrast,
primary visual projections are mainly contralateral: inputs from
the left or right visual field are transferred to the striate and ex-
trastriate cortices on the opposite side (DeYoe et al., 1996). Fur-
ther downstream, there are category-selective regions including
the left-lateralized visual word form area (McCandliss et al.,
2003) and the right-lateralized extrastriate body area and fusi-
form body area (Downing et al., 2001; Schwarzlose et al., 2005;
Willems et al., 2010), that selectively respond to words and hu-
man bodies, respectively. Taking advantage of such anatomical
and functional lateralizations in the olfactory and visual systems,
we carry out three experiments to probe the aforementioned is-
sue of where the two senses converge. We do so using a well
established visual phenomenon termed binocular rivalry—per-
ceptual alternations that occur when distinctively different im-
ages are separately presented to the two eyes (Blake and
Logothetis, 2002)—a paradigm that has proven sensitive to the
interplays between vision and other senses (van Ee et al., 2009;
Lunghi et al., 2010; Zhou et al., 2010).
Materials andMethods
Participants
A total of 82 healthy right-handers with normal or corrected-to-
normal vision participated in the study; 24 (10 males, mean age 
SEM  21.8  0.35 years) took part in Experiment 1, 30 (11 males,
22.1  0.86 years) in Experiment 2, and 28 (10 males, 24.2  0.40
years) in Experiment 3. At the time of testing, all subjects reported to
have normal sense of smell and no respiratory allergy or upper respi-
ratory infection. They gave informed consent for participation and
were unaware of the purposes of the experiments.
Materials and procedure
Visual stimuli. All visual stimuli were displayed on a 19 inch flat screen
monitor, dichoptically presented to the two eyes, and engaged in rivalry.
We individually adjusted which eye viewed which image to produce a
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more balanced rivalry between the competing
images in the absence of olfactory cues. In Ex-
periment 1, two colored images of a rose and a
banana, respectively, were displayed side by
side and fused with a mirror stereoscope
mounted to a chinrest (1.7  2.2°, with the
center 1.3° horizontally from the fixation either
in the left or the right visual field, Fig. 1A), such
that the rose image was presented to the left or
right visual field of one eye while the banana
image was presented to the same visual field of
the other eye. To facilitate stable convergence
of the two eyes’ images, each image was en-
closed by an identical square frame (10.7 
10.7°) centered on the fixation cross. In Exper-
iment 2, a composite image of words in green
and a human body in red (2.7  3.2°) was
shown at the center of the monitor and viewed
through red-green anaglyph glasses, so that the
words were presented to the central visual field
of one eye while the human body was presented
to that of the other eye (Fig. 2A). We chose to
use red-green anaglyph glasses instead of mir-
ror stereoscope as it produced a more balanced
rivalry between the relatively low contrast hu-
man body image and the relatively high con-
trast words image with adjustments of their
colors, without making the images look unnat-
ural to the observers. Experiment 3 adopted the
same visual stimulation setup as in Experiment 1 except that the rose
image was replaced with an image in which the word “rose” was repeated
four times (1.7 2.2°) and the two competing images were respectively
presented to the central visual field of each eye (Fig. 3A).
Olfactory stimuli. The olfactory stimuli in Experiments 1 and 3 con-
sisted of phenyl ethyl alcohol (PEA; a rose-like smell, 0.5% v/v in propyl-
ene glycol) and isoamyl acetate (IA; a banana-like smell, 0.02% v/v in
propylene glycol). In addition, purified water was used to achieve unilat-
eral smell presentation. These were presented in identical 20 ml polypro-
pylene jars. Each jar contained 10 ml of clear liquid and was fitted with a
Teflon nosepiece. The olfactory stimuli in Experiment 2 consisted of PEA
(1% v/v in propylene glycol), n-butanol (a marker-pen like smell, 0.5%
v/v in propylene glycol), and natural human body odor (pooled sweat
collected from three male donors aged 20, 23, and 24, who kept a 4 4
inch nylon/polyester blended pad under each armpit for 2 h when per-
forming non-strenuous daily activities). Purified water was also used to
achieve unilateral smell presentation. These stimuli were presented on
nylon/polyester-blended pads (4  4 inch) in identical 40 ml polypro-
pylene jars, each fitted with a Teflon nosepiece. To form a single “pooled
sweat pad,” the 1⁄3 of layers closest to the skin during sweat collection
were taken from one of each donor’s pads and mixed together. For PEA,
butanol, and water, 1 ml of each was respectively applied to a different
pad and placed in a separate jar. Detailed procedures for sweat collection
and storage have been described previously (Zhou and Chen, 2009b).
In each experiment, the subjects held two jars (one containing a smell
and the other containing purified water) with their left hand and posi-
tioned the nosepieces into the two nostrils as instructed by the experi-
menter. They were told to continuously inhale through the nosepieces
and exhale through their mouth. This method is standard in the field to
achieve unilateral olfactory stimulation (Wysocki et al., 2003). All olfac-
tory stimuli were suprathreshold to all the subjects.
Procedure. The subjects in Experiments 1 and 3 first sampled the ol-
factory stimuli with both nostrils, one at a time in a randomized order.
After the sampling of each stimulus, they rated its intensity, pleasantness,
as well as similarities to the smells of rose and banana, respectively, on a
100-unit visual analog scale. There was at least a 1 min break in between
the samplings. After the olfactory stimuli assessment, the experimenter
individually adjusted the mirror stereoscope for each subject to ensure
binocular fusion. The subjects then completed a practice session so that
they were comfortable with viewing the images through the mirror ste-
reoscope and maintaining their fixation at the central fixation point
while continuously inhaling through their nose and exhaling through
their mouth. They were instructed to press one of two buttons with their
right hand when they saw predominantly “rose” (rose image in Experi-
ment 1 and rose word in Experiment 3), and press the other button when
it switched to predominantly “banana.” The button presses marked the
time points of perceptual switches. Each subject in Experiment 1 com-
Figure1. Nostril- and visual field-specific olfactorymodulation of visual perception in binocular rivalry.A, Visual stimuli used in
Experiment 1 viewed throughmirror stereoscope and dichoptically presented to the left eye (LE) and the right eye (RE), with fused
images of rose and banana in either the left visual field (LVF) or the right visual field (RVF). B–D, The dominance proportion of an
image depended on both the input odorant and the nostril receiving that odorant (B) such that relative to the ipsilateral nostril,
smelling PEA (C) or IA (D) in the nostril contralateral to the rivalry site increased the dominance of the rose image (C) or the banana
image (D), respectively, on top of an overall enhancement of the congruent image’s dominance over the incongruent one (B). Error
bars represent SEM, adjusted for individual differences. Error bars shorter than the diameter of the markers are not displayed.
Figure 2. Nostril-specific olfactory modulation of category-selective visual processing. A,
Visual stimuli used in Experiment 2 viewed through red/green anaglyph glasses and dichopti-
cally presented to the two eyes, with fused images of words and human body in the central
visual field. B, Compared with butanol and PEA, smelling human body odor increased the
proportion that thebody imagewasdominant in view, and such increasewasmorepronounced
when the smell was sampled from the right nostril relative to the left nostril. Error bars repre-
sent SEM, adjusted for individual differences.
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pleted the actual binocular rivalry task eight times, each time with a
different combination of olfactory stimulus (PEA or IA), nostril side
(smelling the olfactory stimulus in the left or the right nostril), and rivalry
visual field (binocular rivalry taking place in the left or the right visual
field). Those in Experiment 3 viewed the competing images in the central
visual field and completed the actual binocular rivalry task four times,
each time with a different combination of olfactory stimulus (PEA or IA)
and nostril side (smelling the olfactory stimulus in the left or the right
nostril). Each run lasted 60 s, with a 3 min break in between the runs. The
order of the conditions was randomized and balanced across the subjects.
At the end of each run, the subjects reported which nostril they thought
received a smell. No feedback was provided during the experiment.
Experiment 2 followed procedures similar to those in Experiments 1
and 3, except that red-green anaglyph glasses were used. The subjects
assessed the intensity and pleasantness of each olfactory stimulus and
verbally described what each smelled like before performing the binocu-
lar rivalry task, in which they pressed one of two buttons when they saw
predominantly “words,” and pressed the other button when the percept
switched to predominantly “human body.” The two competing images
were centrally fixated. There were a total of six 60 s runs, each with a
different combination of olfactory stimulus (PEA, butanol, or natural
human body odor) and nostril side (smelling the olfactory stimulus in
the left or the right nostril). The order of the runs was randomized and
balanced across the subjects, and there was a 3 min break in between the
runs.
Data analyses
For each condition, we first calculated the mean duration (d) that one
image predominated over the other, namely, the averaged duration be-
tween pressing one button for beginning to see predominantly one of the
rivalry images and pressing the other button for beginning to see pre-
dominantly the other rivalry image. This was then converted to the pro-
portion ( prop) that one image predominated over the other, and used as
our dependent measure. For example, in Experiments 1 and 3, the pro-
portion that the rose image (Experiment 1) or rose word (Experiment 3)
predominated over the banana image ( proprose) was calculated as: pro-
prose drose/(drose dbanana). Correspondingly, propbanana 1 pro-
prose. In Experiment 2, we specifically used the proportion that the body
image predominated over the words as the dependent measure.
The data were analyzed with repeated-measures ANOVA, using olfac-
tory stimulus (PEA vs IA), nostril side (left vs right nostril), and visual
field (left vs right visual field) as the within-subject factors in Experiment
1; olfactory stimulus (PEA vs butanol vs natural body odor) and nostril
side (left vs right nostril) as the within-subject factors, and sweat identi-
fication (describing the sweat samples as human-related vs as other non-
biological objects) as the between-subjects factor in Experiment 2;
olfactory stimulus (PEA vs IA) and nostril side (left vs right nostril) as the
within-subject factors in Experiment 3. In Experiments 2 and 3, paired
sample t tests were further performed for each olfactory stimulus to
compare the dominance proportion of a rivalry image when smelling it
from the left versus the right nostril.
Results
Nostril- and visual field-specific olfactory modulation of
visual perception in binocular rivalry
In Experiment 1, two images of rose and banana were engaged in
binocular rivalry either in the left or the right visual field (Fig. 1A)
while the subjects were being exposed continuously to PEA or IA
in one of the two nostrils, and purified water in the other nostril
(see Materials and procedure for details). As compared with IA,
PEA was rated as much more like the smell of rose (p 0.001),
much less like the smell of banana (p  0.001), but equally in-
tense (p 0.38) and pleasant (p 0.20). Overall, the rose image
was dominant in view for longer when the subjects smelled PEA
relative to IA (F(1,23)  10.77, p  0.003, Figure 1B), and vice
versa, replicating an earlier finding (Zhou et al., 2010). Critically,
this effect varied with whether the side of the nostril that received
PEA or IA was contralateral or ipsilateral to the visual field where
the rivalry took place (F(1,23)  10.57, p  0.004, Figure 1B).
Smelling PEA from the contralateral relative to the ipsilateral
nostril significantly increased the proportion that the rose image
was dominant (F(1,23) 4.49, p 0.045, Figure 1C), and smelling
IA from the contralateral relative to the ipsilateral nostril signif-
icantly increased the proportion that the banana image was dom-
inant (F(1,23)  4.63, p  0.042, Figure 1D). The effect was
observed even though the subjects were unaware of which nostril
received an odorant (mean accuracy 0.48 and 0.44 for PEA and
IA, respectively; versus chance 0.50). As primary olfactory re-
gions receive mainly inputs from the ipsilateral nostril (Powell et
al., 1965; Price, 1973) and early visual areas receive mainly inputs
from the contralateral visual field (DeYoe et al., 1996), these re-
sults show a clear within-hemisphere advantage (Hellige, 1993)
in the integration of olfactory and visual information that occurs
relatively early in the sensory processing hierarchy.
Nostril-specific olfactory modulation of category-selective
visual processing
We went on to examine whether such nostril-specific effect per-
sists in the downstream category-selective areas. Experiment 2
introduced three smells—PEA, n-butanol, and natural human
body odor, each presented in a unilateral manner as in Experi-
ment 1—to the binocular rivalry between two images of words
and human body in the fovea (Fig. 2A; see Materials and Proce-
dure for details). The three odorants were matched in intensity
(p 0.18). Butanol and body odor were rated as equally unpleas-
ant (p 0.17), and significantly less pleasant than PEA (p-values
0.001). The subjects did not know which nostril received an
odor throughout the experiment (mean accuracy  0.52, 0.58,
and 0.48 for body odor, PEA, and butanol, respectively; versus
chance 0.50). Whereas generally speaking smelling natural hu-
Figure 3. Nostril-specific olfactory modulation of visual processing depends on sensory
rather than semantic congruency.A, Visual stimuli used in Experiment 3 viewed throughmirror
stereoscope and dichoptically presented to the left eye (LE) and the right eye (RE), with fused
images of rose word and banana in the central visual field. B, Compared with IA, smelling PEA
increased the dominance of the rose word with no difference between the two nostrils. Error
bars represent SEM, adjusted for individual differences.
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man body odor increased the proportion that the body image was
dominant in view (F(2,56) 3.80, p 0.028) regardless of whether
the subjects were verbally aware of the nature of the odorant
(F(1,28) 0.37, p 0.55), smelling it from the right nostril led to
a greater increase relative to the left nostril (t(29)  2.16, p 
0.039), an effect not found with PEA (p 0.93) or butanol (p
0.84) (Fig. 2B). These results again reflect a within-hemisphere
advantage in the integration of the two senses further down the
visual processing hierarchy, since words and human bodies,
though engaged in binocular rivalry in the central visual field, are
processed in visual word form area (McCandliss et al., 2003) and
body-selective regions (Downing et al., 2001; Schwarzlose et al.,
2005; Willems et al., 2010) lateralized to the left and the right
hemisphere, respectively.
Nostril-specific olfactory modulation of visual processing
depends on sensory rather than semantic congruency
Experiment 2 does not address whether category selective pro-
cessing of word forms in the left hemisphere also benefits from a
semantically congruent odor in the left as opposed to the right
nostril. This was tested in Experiment 3 with a design similar to
that of Experiment 2. The same olfactory stimuli as in Experi-
ment 1 were used, but the rose image was replaced with an image
where the word “rose” was repeated four times (to emulate the
contour of the banana image and facilitate binocular rivalry). As
in Experiment 2, the two images (that of a banana and that of the
word “rose”) were engaged in binocular rivalry in the central
visual field (Fig. 3A) while the subjects smelled PEA or IA in
either the left or the right nostril (see Materials and Procedure for
details). PEA was again perceived to be more like the smell of rose
(p 0.001) and less like the smell of banana (p 0.001) relative
to IA, but equally intense (p  0.25) and pleasant (p  0.10).
Similar to Experiments 1 and 2, the subjects did not know to
which nostril an odor was being presented (mean accuracy 
0.48 and 0.46 for PEA and IA, respectively; versus chance 0.50).
Here we observed a main effect of smell, such that the word
“rose” was dominant in view for longer when the subjects smelled
PEA compared with IA, and vice versa (F(1,27) 4.92, p 0.035
in both cases); yet there was no nostril difference for either smell
(t(27) 0.008 and0.55, p 0.99 and 0.59 for PEA and IA, respec-
tively) (Fig. 3B). The visual processing of the centrally presented
banana image is not lateralized, thus smelling IA in either nostril was
expected to produce comparable effects in boosting the dominance
of the banana image. However, smelling PEA in the left nostril did
not preferentially enhance the dominance of the word “rose” relative
to the right nostril, despite that the neural representations of the
visual word form and the semantic meaning of “rose” are both
left lateralized (Frost et al., 1999; McCandliss et al., 2003). We
therefore concluded that nostril-specific olfactory modulation of
visual processing, as observed in Experiments 1 and 2, relied not
only on the anatomical and functional lateralizations in the two
systems, but also on the sensory rather than semantic congruency
between olfactory and visual inputs.
Discussion
The human brain is wired to efficiently coordinate the senses and
integrate their inputs. In the case of olfaction and vision, both
capturing the identities of objects, it is commonly held that they
interact in a top-down manner at the semantic level with olfac-
tion frequently succumbing to visual modulations (Morrot et al.,
2001; Gottfried and Dolan, 2003). Whereas the current study by
no means negates this account, it has shed new light into the basic
neural substrates underlying olfactory-visual integration by tak-
ing advantage of the anatomical and functional lateralizations in
the two systems. We observe a nostril-specific olfactory modula-
tion of binocular rivalry for processes in early visual cortices as
well as category selective visual regions based on sensory rather
than semantic congruency. Such nostril-specific modulation
cannot be due to top-down attentional or cognitive control as the
subjects were unaware of which nostril received an odorant. It
was also highly unlikely that they knew about the lateralizations
in both the visual and the olfactory systems. Our results thus
indicate that olfactory and visual integration occurs at the stage of
sensory representations early in the information processing hier-
archy. There information from the two sources is automatically
assembled in an object-based manner (Experiments 1 and 2),
independent of object identification or semantic processing at
the conscious level (Experiments 2 and 3) (Zhou et al., 2010). In
doing so, they provide strong human behavioral evidence for
multisensory integration in relatively early sensory cortices.
Moreover, while a large body of literature exists on visual
hemifield and retinotopic mappings, there has only been very
limited research on the functional relevance of the ipsilateral pri-
mary olfactory projections (Porter et al., 2007; Zhou and Chen,
2009a). By highlighting the functional dissociation of the two
nostrils, our findings narrow this gap.
Recent animal studies have outlined direct connections among
primary auditory, visual, and somatosensory cortices (Falchier et al.,
2002; Fu et al., 2003; Wallace et al., 2004; Iurilli et al., 2012). It has also
been proposed that associative neuronal plasticity prevails in early
sensory cortices, possibly involving a Hebbian mechanism for en-
hancement of synaptic efficacy (Albright, 2012). Whereas the ana-
tomical connectivity between olfactory and visual regions remains
poorly understood, convergent projections from the retina and from
the olfactory bulbs have been observed in the olfactory tubercle and
piriform cortex in a range of mammalian species including primates
(Pickard and Silverman, 1981; Mick et al., 1993; Cooper et al., 1994).
In humans, individual differences in the nasal cycle and binocular
rivalry alternation rate are correlated, pointing to an endogenous
shared mechanism regulating both the olfactory and the visual sys-
tems (Pettigrew and Carter, 2005). Furthermore, a latest study
showed that repetitive transcranial magnetic stimulation of V1 en-
hances odor quality discrimination (Jadauji et al., 2012). The exact
signaling pathways mediating the observed early convergence of ol-
factory and visual information await future studies.
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